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Somatic mutations in the tyrosine kinase (TK) domain of the 
epidermal growth factor receptor (EGFR) gene are reportedly 
associated with sensitivity of lung cancers t o  gefitinib (Iressa), 
kinase inhibitor. In-frame deletions occur in exon 19, whereas point 
mutations occur frequently in codon 858 (exon 21). We found from 
sequencing the EGFR TK domain that 7 of 10 gefitinib-sensitive 
tumors had similar types o f  alterations; no mutations were found 
in eight gefitinib-refractory tumors (P = 0.004). Five o f  seven 
tumors sensitive t o  erlotinib (Tarceva), a related kinase inhibitor 
for which the clinically relevant target is undocumented, had 
analogous somatic mutations, as opposed to  none of 10 erlotinib- 
refractory tumors ( P  = 0.003). Because most mutation-positive 
tumors were adenocarcinomas from patients who smoked <IO0 
cigarettes in a lifetime ("never smokers"), we screened EGFR exons 
2-28 in 15 adenocarcinomas resected from untreated never smok- 
ers. Seven tumors had TK domain mutations, in contrast t o  4 of 81 
non-small cell lung cancers resected from untreated former or 
current smokers (P  = 0.0001). lmmunoblotting of lysates from cells 
transiently transfected wi th  various EGFR constructs demonstrated 
that, compared t o  wild-type protein, an exon 19 deletion mutant 
induced diminished levels of phosphotyrosine, whereas the phos- 
phorylation at  tyrosine 1092 of an exon 21 point mutant was 
inhibited at IO-fold lower concentrations of drug. Collectively, 
these data show that adenocarcinomas from never smokers com- 
prise a distinct subset of lung cancers, frequently containing 
mutations within the TK domain of EGFR that are associated with 
gefitinib and erlotinib sensitivity, 

yrosine kinases (TKs) regulate signaling pathways that control T critical cellular activities (1). When overexpressed o r  activated 
by niutntions, TKs can contribute t o  the development of cancers. If 
tumor cells depend on a mutant TK for survival, as illustrated by 
certain mouse models o f  cancer (2, 3).  the niutnted enzyme can 
fortuitously serve iis an Achilles' heel for cancer therapy (4). Human 
cxamplcs include BCR-AUL-dcpendent cliroiiic niyclogcnous and 
acute lymphoblastic leukemias (5) ,  k'17- and PL)(;F/~~-dependent 
gastrointestinal stromal tumors (0), and /'~(;E'K/1-depcndent hy- 
pereosinophilic syndrome (7). I n  each disease, activated oncogcncs 
encode TKs; inhibition by imatinih mesylatc (Cilec\~cc) leads to 
rapid and duralde clinical I-csponscs. 

EGFR is ;I T K  of the ErbU family that is thc presumptive target 
of the TK inhibitor (TKI) gcfitinib. This drug is an anilinoquina- 
zolinc (Fig. 5,  which is published as supporting information on the 
PNAS web site) that reversibly competes with A T P  at :I critical 
ATP-binding site (lysinc 745; K745) within the epidermal growth 
Lictoi- (EGF) receptor (EGFIlj protciii (8, 9) .  //I Lifro, gelitinit> 
selectively inhibits the kinase activity o f  EGFR versus a handful of 
other kinases ( I O ) .  I n  two p h s e  11 trials, radiographic regressions 
o f  tuniors wei-c obscrvcd in 28% o f  patients treated in J;ipan a n d  
10% of those studied in Europe and thc U S .  (11, 12). 1)ram;itic 
responses occu~-red within the first two weeks o f  initiating therapy 

(e.g., ref. 13j, similar to those seen in the murine and human 
examples noted above. Assuming that the drug did affect a kinase, 
these kinds o f  responses suggested that at  least sonic lung tumors 
depended on a specific genetic lesion 101 tumor survival. However, 
whcn gcfitinib was iippi-ovcd ;IS second- 01- third-linc treatment for  
patients with noli-small ccll lung cancer (NSCLC), thc clinically 
relevant tarpet(s) of the drug in human tumors were unknown. 
Analyses ol both preclinical xenogr;ilt models (14) and specinleiis 
from gcfitinib-scnsiti\,c and -refractory tumors ( IS )  did no t  reveal 
a n y  obvious relationship hct\vcen EGFK expression levels a r i d  

tumor sensitivity. Retrospective epidemiologic :in;ilyses suggested 
tha t  pefitinih i a  more likely t o  be cffcctivc in Japanese patients ( I  I ) .  
individuals with ~rden~)c:ircinomas of thc br~~ncliiolo;ilvcol~ir carci- 
nonia (BAC) subtype, and "iicvei- sniokcrs" ( I  6 ) .  

liecently, two groups have sho\cn t ha t  mutations in the TK 
domain o f  E(;F/< arc associated with sensitivity o f  NSCIX: to 
gefitinib (17. 18). In total, cleletions or amino acid snbstitutions in 
cxons 18. 19, and 21 o f  E(;/:/< were found in 13 o f  14 tumors 
sensitive to  the drug, hut in none of I 1 tumors with no rcsponse. 
lynch  and colleagucs (17) found mut;itions in another 2 of 25 
primary NSCLCs, and Paezri ol. ( 18) found E(T'F/< mutations in I 6  
o f  I I9 unsclectcd tumors, with a striking predomin;incc o f  muta- 
tions found in 15 o f  58 (2890) specimens from Japan iis conip;ii-ed 
to I of 61 from the U S .  (2%). 

To confirm and cxtciid data o n  gcfitinih scnsitivity, \ve examined 
the status of the '1.K domain o f E ( ; F R  in tumors that wcrc sensitive 
and refractory to thc drug. To detcrmine whcthcr ;I rcl:ited hut  
distinct TKI, crlotinib (Fig. S), "targets." a similar subset o f  
NSCICs, wc a lso  profiled erlotinih-scrisiti\.c and -refractory tu- 
mors. The  clinically rclevant target of crlotinib has not yet hccn 
documented. To examine whcthcr smoking history is predictive of 
thc likelihood o f  EGFR mutations, we determincd thc incidence of 
E(;F/< T K  dom;iin mutations in 90 resected NS('I.C's from iicvei- 
smokers, as well as former and current sniokcrs who Iiiid never 
received ;I TKI. Finally, in  an effort t o  explain the selcctivc 
advantage of cells with mutant ECiF1-I and t h e  drug sensitivity 
conferred upon  mutant-bearing tuniors, wc began to cli;mctcrizc 
sonic hiocheniical pi-opci-tics of EGFfl mutants b i  \ , i t r ~ o .  
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Table 1. Characteristics of patients sensitive to  gefitinib (G) and erlotinib (E) 

Patient Sex Smokinq Histoloqv Mutat ion Duration os 

G1 
G2 
G3 

G4 
G5 
G6 
G7 
G8 
G9 
G10 
E l  
EL 
E3 
E4 
E 5  
E6 
E7 

M 
F 
F 
F 
M 
M 
F 
F 
M 
F 
M 
M 
F 
M 
F 
F 
F 

Former 
Never 
Never 
Never 
Never 
Never 
Former 
Never 
Former 
Never 
Never 
Never 
Never 
Former 
Never 
Former 
Former 

BWFI 
AWBF 
AWBF 
AWBF 
AWBF 
AWBF 
ADENO 
AWBF 
BAC 
SQUAM 
AWBF 
BAC 
AWBF 
AWBF 
AWBF 
AW8F 
AWBF 

del E746 A750* 
del E746-A750 
dcl L747 5752+ 
del E746-T751insl 
del E746 A750 
del E746 A750 
L858R 
None 
None 
None 
del L747-5752insQ 
del E746-A750 
R776C and L858R 
L858R 
L858R 
None 
None 

51  
28 
18 
9 
8 
5 1  
5 
7 1  

10 I 

9 
8 1  
8 5  

13 

3 
6 

11 
11 

5 1  

30+ 
23 1 

14 
15 

5 t  
8 
71  

10 I 

16 
8 1  

21 + 
22 I 

35  
17 I 

11 I 

14+ 

M, male; F, female. Smoking indicates smoking history, never, smoked -:lo0 cigarettes in a lifetime; former, 
smoked 100 or more cigarettes and quit > 1  year prior to diagnosis of lung cancer. BWFI, BAC with focal invasion, 
AWFB, adenocarcinoma with BAC features; ADENO, adenocarcinoma; SQUAM, squamous. Mutation indicates 
amino acids affected in EGFR; for all tumor specimens, exons 18-24 of EGFR, which encode the TK domain, were 
examined; asterisks denote homozygous deletions; none, no mutation observed. Duration indicates months of 
drug-induced response. OS indicates months of overall survival after starting therapy with gefitinib or erlotinib. 
t , s t i l l  on drug andlor alive at the time of writing of this manuscript. No mutations were observed in exons 18-24 
in 8 and 10 patients rpfractory t o  gefitinib and erlotinib, respectively. 

Methods 
Tissue Procurement. Tumor specimens were obtained on  protocols 
appovcd by the Institutional Kcview Hoard and the  I Iunian Tissue 
Uti I iza t ion Coni m i t  tee o f  Memorial Sloan-Ke tt  ering Cancer Cen- 
ter. Paraffin blocks of tumor material, obtained from patients 
before systeniic treatment f o r  lung cancer, were collcctcd rctro- 
spectively lor paticnts on gcfitinib (11  = 18) and prospcctivcly for 
patients on erlotinib ( 1 2  = 17). Frozen tumor specimens from 
untreated patients with Stage I-111.4 NSCLC‘ ( n  = Oh) wcrc 
prospectively collected at the time o f  surgical resection (.S~~ppor/In,y 
Tcx/ anti Table 3, which arc publishcd as supporting information on 
the I’NAS web site). 

Mutational Analyses of EGFR in Lung Tumors. Genomic D N A  was 
derived from either tumors embedded in paraffin blocks o r  from 
fresh frozen tumors (see SupporfOi~q Tcut and Tables 4 and 5, which 
arc puhlished :is supporting illformation on the PNAS web site for 
1’CK primers). All sequencing reactions were performed i n  both 
forward and rcvcrsc directions. and all mutations wcrc confirmed 
hy PCR ;implification o f  a n  independent DNA isolate. For drug- 
sensitive tumors that did not have mutations, sequences from exons 
19 and 21 were also determined from at  least two independently 
derived PCK products. Fisher’s cxact test was used t o  calculate I’ 
v;llLles,. 

Functional Analyses of Mutant EGFRs. E G F R  has two numbering 
systems. ’l‘he first clcnotcs the initiating methionine in the signal 
sequence as amino acid -24. The second, used here, denotes the 
methionine as amino acid + 1 .  onimcrcial antibodies. such as the 
Y 1068-specific anti-phospho-E FR,  use the first nomenclature. To 
he consistent, we consider Y1068 as Y 1092. 

Mutations wcrc introduced into full-length EGFK hy using a 
OuikChangc Site-Directed Mutagenesis kit  (Stratagene; scc S u p  
/mr/ iyq  Te.u/). All mutant  clones wcrc fully rcsequcnced l o  ensure 
that no  additional mutations were inti-oduced. cDNAs were cloned 
into pcDNA3.1(-) expression vectors (Invitrogen). For transient 
transfections. 293T human embryonic kidney cells were transfected 
(2 X IO’  cells per well in six-well plates) by using FuCiENE (Rochc 
Applied Scicncc) and 0.8 pg o f  plasmid DNA. Cells were gi-own in 

D M E M  with hish glucose. lOt4  FCS, 2 mM r.-glutaniinc, IO 
units/ml penicillin, and 10 p*g/ml streptomycin at 37°C ;ind 5% 
C ’ 0 2 .  (‘clls were serum-starved in media containing 0.1 
EGF (Cell Signaling Technology. Hcvcrly, MA) was used at 100 
ng/nil. Cells were treated with various concentrations o f  gcfitinib 
or  erlotinib, which were providcd hy AstrirZenec;i and Gcncntcch. 
respectively. At least thrcc independent experiments wei-e pcr- 
formed for all analyses. 

Immunoblotting. See Supporf//ig 7‘exf for details on cell l y s ~ s  and 
ininiunoblotting. Specific proteins wci-c detected by rising cnhiinccd 
cliemiluniinesccncc (Amershiini I’harmacia) and the following 
iintihodics: horseradish peroxidase (1IRP)-conjugated anti- 
pliospliotyrosiiie (RC20) 13,333 and anti-total E G F R  1 :2,500 (BD 
Transcluction Laboi-atorics), anti-actin 1:2,000 (Sigma). anti- 
phospho-EGFR (Tyr-1068; Y 1092) 1 :  1,000 (Cell Signaling 7’cc.h- 
nology), 11RP-conjug;itcd anti-rabbit Ig 15,000 (Amcrsham I’har- 
inacia), and I~RI’-coii,ju~ated anti-mouse IgG I :2.000 (Rochc 
Applied Science). I W s  wci-c stripped with Kcstorc Stripping 
Buffer (Pierce) at 37°C for IS i i i in ;  stripping was vel-iticd hy 
reexposure to film hefore rcprobiiig. Densitometi-y was pcrformcd 
by using IM,K;I:QUANT VI.2 (Molccular I>ynaniics). c\t least thi-ce 
independent experiments were performed for all analyses. 

Results 
Mutations in EGFR Are Commonly Found in Lung Tumors Sensitive to 
Gefitinib. To ascertain whether mutations within tlic TK domain o f  
EGFR are iissociiitcd with sensitivity to the TKI, gcfitinib (17, 18), 
we performed mutational profiling 01‘ exoiis 1 8-24 o f  EGFR in 
tumors from 10 patients who demonstratcd ;I p;irtial response o r  
n i x k c d  clinical improvemcnt (defined in .S~ippor/iiig TCXI)  whcn 
treiiled with the drug as a single-agent at Ihc Memoi-i;il Sloan- 
Kettcring Cancer (’enter. All patients were sclcctetl retrospectively. 
Seven tumors ( 7 M )  had niutiitions, six of which hiid in-frame 
nucleotide deletions i n  exon 19 that occur ;idjacent to K745 
cncodcd by nucleotides 2233-2235. K745 has been shown to be 
critical l o r  binding A T P  ( I O ) .  A . nth patient had 21 nonsynony- 
mous mutation at iiuclcotide 2573 ( T  --f G) in exoii 21, resulting in 
a substitution of arginine for  leucine a t  position 858 (IXSXK). This 
change occurs adjacent t o  the highly conscrvcd DFG motif (amino 
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A GI,GZ,G5,G6CCCCTCGCTATCM----------------AACATCTCCCAAAGCCMC 
G3CCCGTCGCTATCAACtiM--------- - - - - - - - - - -CCG~GCCAAC 
G4 CCCGTCGC----- ---MTTAAGAT--------ATCTCCGAAAGCCAAC 
E l  C C C G T C G C T A T C R A G G A A - - - - - - - - - - - C A A - - - - - C C G C  
E2CCCGTCGCTATCAAti------- - - - - - - - - -ACATCTCCG~GCCAAC 

'WTCCCGTCGCTATCAAGGMTTAAGA-GAACC~CATCTCCCAAAGCC~C 

m 221 1 nt Z26U 

G1. GZ. GS. G8 PYAIK--- - - -TS-PKAN c Drosophila PVAIKELLK-STGhtiSS 
G3 P V A I K - E - - - - - - -  PKAN Le brafi sh PVA I K&.REATSPKAN 
G4 P V A I K I - - - - - - S - P K M  mouse PVAIK+REATSPKAN 
E l  PVATK-F-- - - - -QPKhN Rat PVATKrjLRtiATSPKAN 
E2 P'IAIK--- - - -TS-PKAN Human PVAIK&REATSPKAN 

WI PVAIK-GPHEATS-PKAN A 
A 

-*g 
VU (K745) 

da 741 A)rp. rn 756 

Fig. 1. Deletion mutations in exon 19 of EGFR from NSCLCs sensitive to  TKls. 
gefitinib (G) or erlotinib (E); all lack four amino acids, LREA, which are conserved 
among vertebrate species (A)  Nucleotidealignments. (8)Aminoacidalignments. 
(0 Amino acid alignments of EGFR from various species. All alignments were 
generated by using Vector NTI software See Table 1 for characteristics of patients. 

acids 8.55-857) in the activation loop of the kinase (20) and was 
previously detected in  NSCLCs (17, 18) (Table 1 and Fig. 6 &D, 
which is published ;IS supporting information on the PNAS web 
site). Mutations were not found in  DNA from periplieral blood 
available from four patients (G2, G3, GS, and Gh), implying that the 
lesions arose in somatic cells. Among the seven tumors with 
mutations, five arose in never smokers, six had aclenocarcinoma 
histology with features o f  BAC, and none were from patients o f  
East Asian origin. 

Four of the exon 19 deletion mutations were the same as the 
previously desci-ibcd dcl  E74h-A750 (17, IX) ,  and two were not 
prcviously described (del L747-S752 and del E746-T75 I insl). The  
del E740-T75 1 ins1 mutation may have resulted from 21 double 
deletion of nucleotides 2220-2230 and 2245-2252 and an insertion 
of ii single '1~ nucleotide (Fig. 1 A and B). Kemarkably, in this 
mutant,  despite elimination of the codon tor K745, the remaining 
nucleotide sequence recncoded ii 'lysine but eliminated amino acids 
LREA, as in the other exon 10 deletions. The  IXl 'A motif is 
completely conserved among ECiFlis in vertebrates (Fig. IC). 

Most somatic EGFR mutations in NSCLCs have been reported 
t o  he heterozygous. However, i n  the analysis of two o f  seven tumors 
(Gl and G3), no wild-type sequence was detected in the region 
encompassing the deletion. This result implies that (i) the mutations 
i n  tumors from patients G 1 and G3 were hemi- o r  honiozygous, (ii) 
the mutant gene was selectively amplified i n  these tumors, or (iii) 
mutations in general may be homozygous, with wild-type sequence 
originating from contaminating "normal" DNA (Table 1 and Fig. 

None o f  eight gcfitinib-refractory tuniors contained mutations 
within exons 18-24 of E(;FK ( P  = 0.004). Thus, E(;FR mutations 
appear to  he associated with sensitivity of NSCl.Cs to gcfitinih. 

Lung Tumors Sensitive to Erlotinib Also Harbor Mutations in EGFR. 
Erlotinih, like gcfitinih, is an ATP-competitive inhibitor o f  the 
EGFR 1 K  (Fig. 5). Erlotinih also appears t o  he particularly 
effective in lung cancers with 13AC histology and in patients who :ire 
never smokers,"' but  the drug's clinicdly relevant target in tumors 
has not yet been documented. To see whether lung tumors sensitive 
t o  erlotinib also contained mutations within the T K  domain o f  
E(;FR, we analyzed exons 18-24 in seven tumors from patients who 
demonstrated a partin1 response while on a Phase II trial of this 
agent i n  BAC. 

Five tumors contained mutations, two o f  which were multinucle- 
otide in-frame deletions within exon 19 near the ATP-binding site 

hA; see flisc~lrssiorl). 

Table 2. Somatic mutations in the TK domain of EGFR are 
common in surgically resected NSCLCs derived from never 
smokers but infrequent in former or current smokers 

Specimen Sex Smoking Histology Mutat ion 

3 
16 
20 
24 
25 
33 
42 
77 
82 

120 
124 
166 
169 
176 
230 

5 
65 
98 

134 

F 
F 
F 
M 
F 
F 
M 
F 
F 
F 
F 
F 
F 
F 
M 
F 
M 
F 
M 

Never 
Never 
Ncver 
Never 
Never 
Never 
Never 
Never 
Never 
Never 
Never 
Never 
Never 
Never 
Never 
Former 
Former 
Former 
Former 

AWBF 
BWFl 
BWFl 
AWBF 
AWBF 
AWBF 
AWBF 
AWBF 
AWBF 
AWBF 
AWBF 
AWBF 
AWBF 
ADENO 
ADENO 
ADENO 
AWBF 
AWBF 
ADENO 

L858R 
None 
None 
L858R 
L858R 
None 
L858R 
H835L 
None 
None 
None 
L858R 
None 
None 
E746-A750 
L858R 
L858R 
L858R 
L858R 

Exons 2-28 from EGFR were examined for mutations in 96 surgically re- 
sected NSCLCs. Mutations in the TK domain were detected in 7 of 15 never 
smokers with adenocarcinomas and in 4 of 81 NSCLCs resected from former or 
current smokers. All abbreviations as per Table 1 .  

(K745). similar t o  those !ourid in  gefitinib-scnsilivc tumors. These 
deletions all eliminated amino acids LREA (amino acids 747-7.50) 
(Fig. 1 A and H). (.)ne mutation (del L747-S752insU) has not been 
previously reported. Three tiiniot-s contained the LXSSK mutation 
at nucleotide 2573 that is also found in gefitinih-resporisivc tumors. 
One  specimen also had ;I sccond mut;ition that wiis previously 
unreported: a C - T change at nuclcotidc 2320 in cxon 20, 
substituting cysteine for arginine at position 776 (R770C), carboxy- 
tcrminal t o  the P-loop (Fig. OE), Foui- of five mutation-positive 
tumors were obtained f r o m  ncvcr smokers, and none were from 
patients o f  East Asian origin. 

Matched normal tissue availat)lc from four priticnts (El-13 and 
E5) showed only the wiltl-type sequence, indicating that iniitiilions 
arose in somatic cells. No mutations were observed in cxons 18-24 
in tumors from 10 p:rticnts on the trial who did not have II pxt ia l  
response (I' ~ 0.003). Thus, similar to results wi th  gcfitinih, 

lain are also associated with 

EGFR Mutations Are Commonly Found in Lung Adenocarcinomas From 
Never Smokers. Nine of 12 (75';$~) mutation-positive tumors in this 
study had adenocarcinoma histology and were derived from never 
smokers (Table 1 ). Mol-cover, -? 10%) of  all c;iscs of lung ciinccr arise 
in patients who have n o  history o f  tobacco nse, most o f  which have 
~ idenocarc inoni~~ histology (21, 22). 'Io determine in ;I prospective 
manner the frequency of fiXFI< mutations in lung ;idenocarcino- 
mas from i w e r  smokers, we scquenccd cxons 2-28 of E(;E'K in 15 
tumor specimens that fit these clinicril criteria. These samples were 
selected fi-om our prospectively collected tissue bank o f  surgiciilly 
resected NSCLCs derived from patients with stage I ,  11, and IlIA 
disease. At the time o f  surgery and tissue 
patients from whom thc primary tumor was 
any treatment for lung cancer, including TKls. 111 this "enriched" 
population of tumors from never smokers, 7 of IS (47%) had 
mutations in the TK domain o f  E(;Ff<. One tumor (specimen 230) 
had a deletion in exon 10 (del E740-A750), and five (specimens 3, \ .  
24, 25, 42, and 106) had the L858R amino k i d  substitution in cxon 
21 (Tiible 2). The ScVCllth tUnlOl~ (Spccinlctl 77) cOlltiliIl~d 3 

previOllSly ullrepOrtcd point mutatiOll it1 CXOn 21 at nuc~eotitie 2504 
"Miller. V A ,  Patel, J ,  Shah, N ,  Kris, M. G.. 'fyron, L .  pm0, 6.. zakowsk,, M., ~ ~ ~ ~ l , ,  N., 

Sdndler. A &Johnson, D ti (2003) Proc Am 5oc Clin O n d ,  abstract 2491 (abstr) 
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WT L747S752 L858R 
EGF - + . + . +  A C 

WT dol L747-S752 

EGF 0’ 5’ 15 0 5’ 15’ 30  180’ wlyr 

p-EGFR LI.kmCI)WM 

B WT del L747-5752 V del L747-5752 V 

EGF 0 S 1S30180’ 0 S 15’ 3 0 1 8 0  1 80 0 5’ 15’ 30 180180 

(A +T), resulting in substitution o f  leucine for histidine at position 
835 (HX351.) (Fig. 6 F ) .  This mutation is predicted t o  lie under or 
adjacent to the activation loop of the EGFK TK domain, in contrast 
to the USXR mutation, which is in the loop itself. N o  mutations 
were found in adjacent n~irmal-apl’e;iririg tissue from all seven 
patients. 

We also scquenccd exons 2-28 of  EGFR from an ;idditional 81 
primary NSCI.Cs randomly selected from the same tumor bank. All 
tuniors in this cohort were derived from former or  current smokers, 
and 24 tumors had squamous cell histology. Four o f  81 (5%) had 
mutations in the EGFK ‘I’K domain; all were the previously 
observed 1.S58K amino acid substitution within exon 21 (Table 2). 
Corresponding normal tissue, available for three of these foui- 
tumors (specimens 5 ,  65, and 134), had on ly  wild-type sequence. 
Interestingly, among the four tumors with the U58R mutation, 
three (specimens 65, 98, and 134) arose in patients with a limitcd 
exposure to cigarette smoking: all three had smoked 5 1  pack per 
day tor 9 years (9 “pack years”) and had quit at  least 30 years before 
surgcry. Spccimen 5 was resected from an individual with ii 14 
pack-year history who quit 1 month hcforc surgery. Taken together, 
these data demonstrate that EC;FR mutations are commonly found 
in NSCLCs from never smokers as opposed t o  former or current 
smokers (7 o f  15 vs. 4 o f  81; P = O.OOOl), and that tumors likcly t o  
be mut;itioii-positive can he identified by using specific clinical 
ch;rracteristics. 

Biochemical Properties of EGFR Mutants. To gain further insight ;is t o  
n h y  cells containing mutant EGFRs  ar lected during the growth 
o f  certain NSCLCs and why mutations confer susceptibility t o  TKIs, 
we have begun t o  characterize the mutant proteins in cultured cells. 
Wild-type, del L747-S752, and IA58K EGFK were produced by 
transient transfection with expression vectors in 203T cells, which 
have very low lcvcls of cndogcnous EGFK (Fig. 2). Expression o f  
total  E G F R  (1-ECiFR) was assessed hy imniuncihlotting using an 
anti-EGFR monoclonal antihody, and actin served as an indicator 
of relative lcvcls of protein per sample. The  size o f  mutant EGFKs 
was virtuully indistiriguisliable from wilrl-type E G F R  when assessed 
by immiiiioblotting. Interestingly, the amount o f  t-EGFR relative to  
actin was, on average, .?-fold higher for thc del L7473752 protein 
than that for wild-type EGFR ( I I  = 5). The  differences in t-ECiPK 
were not likely C ~ I L I S ~ L I  by varying transfection efficiencies, as equal 
numhers o f  cells were used for each separate transfection arid levels 

Fig. 2 .  The del L747-5752 mutant EGFR appears to  
have reduced kinase activity. 293T cells were transiently 
transfected with vector alone (V) or vector containing 
wild-type (WT) EGFR, del L747-5752. or L858R. Thirty-six 
hours later, cells were serum-starved for 24 h and then 
harvested for immunoblot analyses using anti-phos- 
photyrosine (p-Tyr), anti-phospho-EGFR (p-EGFR 
Y1092). anti-total EGFR (t-EGFR), and anti-actin anti- 
bodiesasdescribed InMethods (Aand B)Tirnecourseof 
ligand-induced activation of del L747-5752 mutant 
EGFR. Cells were treated with 100 ngiml  EGF for 0-180 
min. (B  Left) A 5-min exposure of an imrnunoblot as- 
sayed with an anti-phosphotyrosine antibody. (B  Rlyht) 
A 15-min exposure. (0 Comparison of WT EGFR with 
two  EGFR mutants, as assessed by detection of p-Tyr and 
p-EGFR (Y1032). 

o f  t-EGFR for another H;PK mutant (LSS8K) were conipai-ahlc 
to that o f  \%iId type (Fig. 2C). 

We next used imniunoblotting o f  extracts froin cells expi-essing 
the various EGFKs to assess various aspects of protein activity and  
drug sensitivity. As a surrogate gauge of kinase activity. we mca- 
s u r d  tlic levels o f  “;ititopIios~~ht,rylated” Tyr-I002 on H i F K  
(Y1002; the site o f  binding h y  adaptor molcculcs such as (31-112, 
which leads t o  activation o f  the mitogen-~ictiv;ited protein kinase/ 
extracellu1;ir signal-related kinase cascade) Iiy using an Y 1092- 
specific antibody (Le., phospho-ECiFR or p-I!(iFK), in relation t o  
levels o f  t-EGFR protein. We also assessed the pattern and lcvcls 
of induced tyi-osinc-phosphc~ryl~ition o f  cell pi-otcins b y  tisins ;in 

anti-pliospliotyrosinc antihody (RC-20). In  the ahscncc o f  serum 
and EGI,  extracts from cells trxisfected with wild-type EGFR 
demonstrated, on  average. a 10-fold greater ability t o  autophos- 
phorylatc Y 1002 than did the del 1,747-5752 mutant ,  cvcn after 
addition of EGF ( n  - 5 )  (Fig. 2 A and C). Consistent with these 
results. the del L7473752 mutant also induced markedly low levels 
of tyrosirie-phosplioryla(ed proteins coniprcd t o  wild-type EGFK 
(Fig. 2 B and C). A longer exposui-c dcmonstr;itcd th; i t  the relative 
intensities o f  such protcins appcarcd to lie qu;ilitntivcly different 
from that o f  wild type as well (Fig. 214 Right). In  contrast to the 
deletion mutant. I-csults with the Y 1002-specific antibody for the 
IU58K mutant were similar to those ohacrvcci with wild-type I<(;FK 
(Figs. 2C and 3R). Howcvcr. the pattern o f  pliosl’liotyr~isiiie 

Finally. we assessed the sensitikity o f  the del L7474752 a n d  
U58R EGFR mutants t o  TKIs, tiy measuring the ratio ofp-EGFK/ 
t-EGFR in lysates from trmsicntly transfected cells that WCIK 
serum-starved and prctreatcd with gcfitin ib or  erlotinih. Wiltl-type 
EGFR ;inti the del 1-747-S752 mutant ;ippe;ii-ed to hwe approxi- 
mately the same scnsiti\ i ty  to both gefitinib (Fig. 3A) ;ind erlotinih 
(data not shown). I3y contrast. thc 1,85811 mutant had ;in := IO-fold 
greater sensitivity t o  both gefitinib (data not shown) and crlotinib 
(Fig. 3B and Fig. 7, which is published iis suppoi-ting inforni, i t ion on 
the PNAS wch site). 

Discussion 
I n  this study, we confirm and extend recent work ;issociating /<(;FR 
mutations with sensitivity to the TKI, gefitinib (17. 18). Further- 
more, we establish that tumors sensitive to ii rel;ited kinase inhib- 
itor. erlotinih, contain similar types o f  E(;/:/? mutations. When data 
froin the t w o  pulilishcd reports and this study are used, 25 o f  31 
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f staining o f  cell proteins was still distinct (Fig. 2C). 
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A V WT del L747-S752 

Gefitinib (VU) 10 0 0 1 1 0  10 0 0 1  1 0  10 

p-EGFR 

I-EGFR a d m w n Y ~ U c I 0  

WT L858R B 
Erlotinib (pM) 0 0 0 1  0 1 1 0 0.01 0 1 1 

Fig. 3. Compared to  wild-type EGFR. the del L747-5752 mutant has similar 
sensitivity t o  TKls, whereas the L858R mutant is inhibited at -10-fold lower 
concentrations of drug. (A)  Dose-dependent inhibition by gefitinib of del L747- 
5752 mutant EGFR as compared to  wild type. Cells were treated with gefitinib at 
various concentrations for 1 h before lysis. Results with erlotinib and in the 
presence of EGF were similar (data not shown). (6) Dose-dependent inhibition by 
erlotinib of L858R mutant as compared to  wild-type EGFR. Dilution points at 
0.0001 micromolar are not shown. Results with gefitinib were similar (data not 
shown). V. vector alone 

(81%) tumors from individuals experiencing partial responses 01- 

marked clinical improvement while taking gefitinib o r  erlotinib 
contain mutations in the EGFR TK domain. By contrast, none o f  
29 specimens from patients refractory to  thcsc agents had such 
mutations (f‘ < 10 I”). These findings demonstrate tha t  mutations 
in the TK domain of E(;I.‘R arc associated with sensitivity t o  these 
two drugs. Whcther gefitinib and erlotinib target exactly the same 
o r  overlapping sets o f  NSC1.C patients and whether distinct mu- 
tations confcr greater sensitivity to specific EGFR-TK inhibitors 
has not yet hccn dcterniincd, hccausc the numhcr o f  sensitive 
tumors analyzed is still small. 

We ;ilso denionstrate that 11 of 96 (1%) primary NSCLCs 
resected from untreated patients contain mutations in C‘GFK, all 
within the T K  domain. None o f  thcsc tumors were derived from 
paticnts o f  East Asian origin. Taken together with the published 
literature on EGFK mutations in primary lung cancers from 
patients in the U.S., 14 of 182 tumors (S%) arc positive for E(;L‘K 

EGF ligand binding 

mutations. Tlicse data could account for  the responses sccn in the 
phase I 1  trials of gcfitinih, in which ‘= 10% of European or Arncric;rn 
patients experienced radiographic rcgressions ( 12). 1 lowever, other 
mechanisms of drug sensitivity may also apply. Remarkably. by 
selecting tumors lor cert;iin c1inic;il cliarxteristics predictive 01‘ 
response to  TKIs, Le., tinnoi-s from lievet- smokers with adenocw 
cinonia histology, we cnrichcd the percentage of  paticnts with such 
mutations. T~LIS ,  7 of  15 tumors from never-smoking patients with 
adenocarcinoma histology had EGFR mutations. whcrcas only 4 o f  
8 1 NSCLCs from former and current smokers containcd tlicin. 
Motcover, three o f  the four paticnts i n  the latter cohort had 
relatively short smoking histories. These data show that  lung tumors 
from patients with minimal direct exposut-e t o  cigat-cttcs and with 
adenocarcinoma histology, usually with features of BAC, have ;I 

distinct molecular  phcnotypc that distinguishes t hcm 11-om the 
remaindcr o f  NSCLCs. I I o w  patients with niutntion-positive 
NSCLC at  various stages o f  discasc should he treated is unknown, 
but clearly warrants prompt investigation. At the same tinic, critical 
mutations in other kinases should bc sought in NSCLCs with 
wilcl-type Ef;FK from never, former, and current smokers. 

Among the NSCLC-associated EGFR mutations reported t o  
) occiii- in two “hotspots” (Fig. 4). A t o t d  of 20 

arc niultini~clcotidc in-frame deletions that 
eliminate fc )tir a in i no acid (LREA) in ex011 IO. The other 20 of49 
“hotspot“ mutations (41‘ ) arc point mutations in exon 21 that 
result in a specific amino acid substitution at position 8% (LS58K). 
The  remaining 7 o f  56 mutations (12%) arc nucleotide substitutions 
found in exons 1X-21 outside of  the common sites o f  mutation, 
including the previously uni-cpoi-tcd R770C and I IH35L niutat ions 
dcscrihed here. I n  nearly all c;iscs, only one mutation h x  Ixxn 
dctccted pcr tumor. I lowcvcr, in this study. wc did find one tumor 
sample with two mutations (patient E3, R776C‘ nnd 1,XSSR). The 
significance o f  tlic R776C mutation and whether thcsc two muta- 
tions arc o n  the same chromosome. different chromosomes in the 
same cells, 01- from different sul>clones with the same tumot- 
specimen arc all unknown. 

NSCLC-associated EGFR mutations arc most frcqucntly hct- 
crozygous. 1 Iowever, Pacz rf til. ( 18) reported one mutation 
involving exon IO t h a t  appeared to  he homozygous. and we 
detccted two such c;iscs. Interpretation of mutational status 
solely f rom D N A  sequencing can bc probleniatic. On the one  
hand, contaminating normal  cells with M. ild-type EGFR could 
account for apparent heterozygosity; on  the o ther  hand, ampli- 

Tyrosine kinase autophos 
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21 I 22 23 24 Exon 18 I 19 20 ! 
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Fig.4. Summary of mutationsreported hereand previouslydetected in theTKdomainof EGfRin NSCLCs. Schematicviewof EGFRand key domains, with an expanded 
view of the TK domain encoded by exons 18-24 (amino acids 718-964). Yellow, sensitive to  gefitinib; red, sensitive to  erlotinib; black, never treated with TKI. Data are 
from this paper and refs. 17 and 18. All exon 19 deletions lack amino acids LREA except for one reported by Paez et  a/. (18) (del 5752-1759). In our series, one tumor 
with an L858R mutation also had an R776C mutation (seeTable 1). Functional landmarks include the GXGXXG motif at position 719, the K745 critical for ATP-binding, 
the DFG motif at position 855, and a tyrosine at 869. The sites of described mutations are G719, L747-A750, 5752, R776, H835, L858, and L861 
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